The rel/NF-kB transcription factor Dorsal controls dorsoventral (DV) axis formation in Drosophila. A stable nuclear gradient of Dorsal directly regulates 50 target genes. In Tribolium castaneum (Tc), a beetle with an ancestral type of embryogenesis, the Dorsal nuclear gradient is not stable, but rapidly shrinks and disappears. We find that negative feedback accounts for this dynamic behavior: Tc-Dorsal and one of its target genes activate transcription of the IkB homolog Tc-cactus, terminating Dorsal function. Despite its transient role, Tc-Dorsal is strictly required to initiate DV polarity, as in Drosophila. However, unlike in Drosophila, embryos lacking Tc-Dorsal display a periodic pattern of DV cell fates along the AP axis, indicating that a self-organizing ectodermal patterning system operates independently of mesoderm or maternal DV polarity cues. Our results also elucidate how extraembryonic tissues are organized in short-germ embryos, and how patterning information is transmitted from the early embryo to the growth zone.
INTRODUCTION
In Drosophila dorsoventral (DV) polarity depends on the nuclear concentration gradient of the rel/NF-kB transcription factor Dorsal . The Dorsal gradient forms under control of maternally expressed genes in the early (syncytial) blastoderm embryo; the highest Dorsal concentrations are observed in ventral nuclei, with progressively lower concentrations in nuclei of lateral and dorsal regions (reviewed in Moussian and Roth, 2005) . Dorsal initiates the differentiation of the mesoderm (ventral) and the neurogenic ectoderm (lateral) through the differential activation and repression of zygotic target genes. Comprehensive genomic approaches, including whole-genome microarrays, tiling arrays, and ChIP-on-chip experiments led to the identification of almost all Dorsal targets genes (ca. 50) (Biemar et al., 2006; Zeitlinger et al., 2007) , making the system one of the best understood complex gene regulatory networks for early embryonic patterning (Stathopoulos and Levine, 2005) .
Not only the events downstream of Dorsal, but also the upstream processes leading to the formation of the gradient are well understood. The formation of the Dorsal gradient depends on spatial cues which emerge in the follicular epithelium during oogenesis and subsequently are transmitted to the fluid-filled perivitelline space that surrounds the embryo (reviewed in Moussian and Roth, 2005) . In ventral regions of the perivitelline space, a proteolytic cascade is initiated, generating the ligand of the transmembrane receptor Toll. Upon Toll activation, the inhibitory protein Cactus is degraded, allowing the nuclear accumulation of Dorsal. This leads to the formation of a nuclear Dorsal gradient with peak levels at the ventral side (reviewed in Moussian and Roth, 2005) . Taken together, the comprehensive knowledge about the formation and action of the Dorsal gradient provides an excellent basis for evolutionary comparisons.
Variations in the mode of early embryonic development among the different insect orders and perturbation experiments with a variety of insect embryos suggest substantial evolutionary changes regarding the mechanisms of DV axis formation (reviewed in Sander, 1976; Roth, 2004) . In Drosophila embryos the entire blastoderm gives rise to embryonic tissue except for a narrow stripe of cells straddling the dorsal midline (amnioserosa). All segments are established simultaneously at the blastoderm stage prior to gastrulation (long-germ type). In contrast, in beetles and hemimetabolous insects large parts of the blastoderm give rise to extraembryonic tissue (serosa), while the embryo proper forms from a narrow region called the germ rudiment. At the blastoderm stage the germ rudiment contains only anlagen of anterior segments (short-germ type). The abdominal segments emerge after gastrulation from a posterior growth zone (reviewed in Peel et al., 2005) . This poses a problem for DV patterning, as the newly formed segments have to be patterned along their DV axis, leading to the question of how this patterning mechanism is related to the initial establishment of the DV axis in the early embryo. A further aspect in which DV patterning in short-germ embryos differs from Drosophila concerns pattern regulation. In a seminal study, Klaus Sander produced various longitudinal fragments from developing eggs of the leafhopper Euscelis (Sander, 1971) . Each fragment was able to produce a segmented embryo with normal DV polarity, showing the possibility of extensive pattern regulation along the DV axis. This phenomenon has been observed in many insect orders with short-germ development (including some beetle species [Sander, 1976] ). The self-regulatory capacity required for such pattern duplications cannot be fully explained on the basis of the mechanisms known from Drosophila (despite some partial duplications which have also been observed in Drosophila [Roth, 1993] ).
Although nothing is known about mechanisms that can account for DV pattern regulation in other insects, work on reaction-diffusion systems has defined minimal conditions for selforganized pattern formation (Meinhardt and Gierer, 2000) . The patterning system requires a self-enhancing reaction, which is coupled to an inhibitory process. If the self-enhancement process stays more local, while the inhibitory process has a wider range, the system is able to produce a stable pattern in space (Gierer and Meinhardt, 1972) .
To approach DV patterning in short-germ insects, the red flour beetle Tribolium castaneum was chosen for in-depth comparison with Drosophila. Tribolium is amenable to functional analysis by classical genetic methods, RNAi, and transgenic techniques (Klingler, 2004) . Furthermore, the genome sequence is available (Richards and The Genome Consortium, 2008) . Earlier work has shown that a nuclear Dorsal gradient with ventral peak levels is established in Tribolium. In contrast to Drosophila, where the Dorsal gradient is stable until gastrulation, the Tc-Dorsal gradient is dynamic and vanishes before gastrulation (Chen et al., 2000) . While in Drosophila all components of the Toll signaling pathway including cactus, dorsal, and Toll itself are supplied as maternal mRNAs, in Tribolium the only Toll homolog known so far is expressed zygotically in a domain overlapping with the Tc-Dorsal gradient. This suggested that Tc-Toll is activated by Tc-Dorsal (Chen et al., 2000; Maxton-Kuchenmeister et al., 1999) .
Here, we extend this descriptive study through a functional analysis of Toll pathway components in Tribolium. We show that in beetles this pathway is required for DV polarity. However, Toll signaling in Tribolium exhibits extensive features of feedback control. Not only Tc-Toll, but also Tc-cact is activated by Toll signaling, leading to a self-regulatory circuit combining positive and negative feedback. Furthermore, even in the absence of Toll signaling, a zygotic DV patterning system involving Dpp remains active in Tribolium, which produces a periodic pattern of ectodermal cell fates along the AP axis, providing evidence for a second level of self-organized patterning.
RESULTS
The Toll Pathway Is Required for DV Axis Establishment in Tribolium The beetle genome contains four Toll receptor homologs closely related to Drosophila Toll 1 . However, only one of these homologs, the previously described Tc-Toll (Maxton-Kuchenmeister et al., 1999 ; data not shown), is expressed in the early embryo. We will refer to this homolog as Tc-Toll 1 . The adaptor protein Myd88, the kinase Pelle acting downstream of the receptor, and the cytoplasmic inhibitor Cactus are each represented by a single homolog in the genome. Finally, two NF-kB homologs closely related to Drosophila dorsal exist in Tribolium. However, only one of these, the previously described Tc-dorsal, is maternally expressed and present in the early embryo (Chen et al., 2000) (for a phylogenetic analysis see Figure S1 [in the Supplemental Data available with this article online] and Zou et al. [2007] ). To study the function of these genes, we used parental and embryonic RNAi techniques. While the injection of double-stranded RNA (dsRNA) into female pupae and female adults (pRNAi) targets ovarian and embryonic mRNAs, injection of dsRNA into early embryos (eRNAi) targets only embryonic mRNAs of either maternal or zygotic origin. Comparing the outcome of both types of injections is of particular importance if the gene in question is expressed maternally and stored as maternal protein.
pRNAi for Knockdown of Tc-Toll 1 leads to embryos that lack all signs of DV polarity during early development. This phenotype can be readily seen in differentiated blastoderm embryos by staining the cell nuclei (DAPI). In contrast to Drosophila embryos, which show a uniform distribution of blastoderm nuclei, Tribolium wild-type (WT) embryos display a pronounced DV asymmetry in nuclear density: the blastoderm is subdivided into an anterior-dorsal region with widely spaced cells giving rise to the extraembryonic serosa, and a posterior-ventral germ rudiment with densely packed cells giving rise to the embryo proper ( Figure 1A ). This DV asymmetry disappears after Tc-Toll 1 pRNAi. The border between presumptive serosa and germ rudiment becomes straight, and the embryo is subdivided into a large anterior serosa and a small posterior germ rudiment ( Figure 1B) . Accordingly, Tc-zerknu¨llt1 (Tc-zen1), a gene expressed exclusively in the presumptive serosa and required to establish the serosal fate (van der Zee et al., 2005) , shifts from a dorsally tilted expression domain in WT to a broad symmetric domain ( Figures  1C and 1D ). This phenotype can be explained by an expansion of dorsal regions at the expense of ventral regions of the blastoderm and thus provides a first indication that Tc-Toll 1 RNAi leads to a dorsalization of the embryo. Since only the DV asymmetry of the border between serosa and germ rudiment, but not the border itself, is lost, the distinction between extraembryonic and embryonic tissue is not the result of DV, but rather of AP, patterning. In Drosophila, on the contrary, the extraembryonic tissue (the amnioserosa) represents the dorsal-most structure and expands uniformly along the DV axis in dorsalized embryos.
Further support for a dorsalization of the fate map upon Tc-Toll 1 RNAi comes from the expression of genes specific for ventral (mesoderm) and ventrolateral (neuroectodermal) regions of WT embryos. Tc-twist and Tc-sog are expressed in nested domains with Tc-twi marking the future mesoderm and Tc-sog a wider domain including a part of the neuroectoderm (van der Zee et al., 2006) (Figures 1E and 1G ). After Tc-Toll 1 RNAi the expression of Tc-sog was completely abolished and that of Tc-twi was restricted to a small symmetric domain at the posterior pole ( Figures 1F and 1H ). This suggests a loss of ventral and ventrolateral fates.
A corresponding expansion of dorsal fates can be inferred from the expression of genes restricted to the dorsal regions in WT, e.g., Tc-doc, a marker for the dorsal serosa, and Tc-iro, a marker for the dorsal fates of the germ rudiment (amnion and dorsal ectoderm) ( Figures 1I and 1K ). Both Tc-doc and Tc-iro expression expand uniformly around the circumference of the embryo after Tc-Toll 1 pRNAi ( Figures 1J and 1L ), indicating an expansion of dorsal at the expense of ventral fates within the serosa and the germ rudiment, respectively. In WT, Tc-iro is not only expressed within a dorsal domain, but also in a narrow stripe marking the anterior border of the germ rudiment (this region gives rise to the anterior amnion). This stripe of Tc-iro expression is maintained, but becomes straight after Tc-Toll 1 RNAi, in accordance with the changes observed for DAPI stainings, Tc-zen, and Tc-doc expression. The uniform levels of Tc-iro within the germ rudiment of Tc-Toll 1 RNAi embryos might indicate an expansion of the dorsalmost embryonic fate (the dorsal amnion) or of dorsolateral fates (dorsal ectoderm). To distinguish between these two cell fates, we monitored Dpp signaling via the distribution of phosphorylated MAD (pMAD). We have previously shown that in WT dorsal amnion formation requires high levels of Dpp signaling (high pMAD), which depend on Tc-Sog mediated ventral-to-dorsal transport of Dpp ( Figure 1M ) (van der Zee et al., 2006) . In contrast, Tc-Toll 1 RNAi embryos lack peak levels of pMAD and instead have low levels of pMAD at all positions of the circumference ( Figure 1N and Figures S5A and S5B). We assume that the loss of Tc-sog expression in Tc-Toll 1 RNAi embryos (Figures 1G and 1H) prevents Dpp transport and formation of Dpp peak levels at the dorsal side. In summary, as in Drosophila, the Toll pathway is responsible for all aspects of early DV polarity in Tribolium. The loss of pathway activity results in a dorsalization of the blastoderm embryo. However, in contrast to dorsalized Drosophila embryos, which display extraembryonic (amnioserosal) cells around the circumference (Konrad et al., 1988; Wharton et al., 1993) , dorsalized Tribolium embryos possess separate regions of extraembryonic and ectodermal anlagen along the AP axis. The anterior two-thirds of the embryo consist of an enlarged dorsalized serosa followed by a narrow stripe of anterior amnion and a broad domain of dorsal ectoderm (schematic drawings in Figures  1O and 1P ). Thus, cell fates organized along the DV axis in Drosophila are organized along the AP axis in Tribolium. Lateral views of embryos at late differentiated blastoderm/primitive pit stage . Anterior is to the left, dorsal is up. Scale bar: 100 mm. 
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Self-Organizing DV Patterning in Tribolium
In Drosophila, Toll signaling initiates the nuclear uptake of Dorsal at the ventral side of the embryo. The total amount of Dorsal protein does not change along the DV axis. At the dorsal side Dorsal protein remains in the cytoplasm while in ventral regions it is transferred to the nuclei. If this mechanism would also apply to Tribolium, Dorsal protein should remain in the cytoplasm at all positions of the embryonic circumference upon Tc-Toll 1 RNAi.
Indeed, in Tc-Toll 1 RNAi blastoderm embryos no nuclear uptake of Tc-Dorsal is observed, and the Tc-Dorsal distribution at all positions along of the embryonic circumference equals that of the dorsal side of WT embryos ( Figure 2 ). This suggests that the nuclear Tc-Dorsal gradient forms, as in Drosophila, by redistribution of Tc-Dorsal protein.
Feedback Loops Regulate the Tc-Dorsal Gradient
The Drosophila Dorsal nuclear gradient remains largely static with regard to its DV extent. In contrast, the shape of the nuclear Tc-Dorsal gradient is highly dynamic. Nuclear import is initiated around the entire DV circumference and is subsequently restricted to the ventral side, where a nuclear gradient forms. This . After dsRNA injection into preblastoderm embryos, a complete loss of DV polarity was observed, and the resulting phenotypes were indistinguishable from those produced by parental RNAi ( Figure S3 ). This strongly supports the notion that Tc-Toll expression is entirely zygotic and highlights the importance of feedback regulation by Tc-Dorsal.
Positive feedback regulation is frequently counterbalanced by inhibitory processes to provide the basis for spatial patterning. In particular, we expected an inhibitory mechanism to account for the early shrinkage and disappearance of the nuclear Tc-Dorsal gradient. Therefore, we analyzed the regulation of the Dorsal inhibitor Cactus. As in the case of Tc-Toll 1 , Tc-cact transcripts are absent in preblastoderm embryos, indicating that in contrast to Drosophila cact, Tc-cact is not expressed from a store of maternal mRNA. However, at the syncytial blastoderm stage, Tc-cact is expressed ventrally, overlapping with the Tc-Dorsal gradient ( Figure 3A) . Double in situ hybridizations show that Tc-cact expression at this stage is narrower than Tc-sog and Tc-twi expression ( Figures 3I and 3J Figure 3C ). When the Dorsal gradient begins to disappear in the ventral region of Tribolium embryos, Tccact expression also shrinks (Figures 3D and 3E ; for double staining see Figure S2C ). In differentiated blastoderm stages the Tc-Dorsal gradient vanishes from the ventral region (Chen et al., 2000) ; however, Tc-cact is upregulated and acquires a Tc-twi-like expression profile ( Figure 3F ). This indicates that Tc-cact expression is maintained independently from Tc-Dorsal at this stage. Similar to Tc-twi, Tc-cact expression is seen within the mesoderm in early germ band embryos ( Figure 3K ). To test whether this mesodermal expression depends on Tc-twi, we performed Tc-twi pRNAi experiments. In embryos lacking Tc-twi function, Tc-cact expression starts to vanish at the differentiated blastoderm stage (data not shown) and is strongly reduced when compared to WT at the beginning of gastrulation ( Figures 3G and 3H ). Together these data suggest that Tc-cact is a target gene of both Tc-Dorsal and of the Dorsal target gene Tc-twi.
In Drosophila, loss of cactus function results in the increased uptake of Dorsal protein in lateral and dorsal positions of the embryonic circumference. This causes the expansion of ventral at the expense of dorsal fates (Roth et al., 1991) . We asked if Tc-cact knockdown in Tribolium would generate a similar phenotype. Parental and embryonic Tc-cact RNAi produced identical phenotypes, indicating that Tc-cact is probably not provided as maternal protein and that Tc-cact function largely depends on zygotic expression. The RNAi embryos showed an expansion of the nuclear Tc-Dorsal gradient and increased uptake of Tc-Dorsal into nuclei of the dorsal side (Figure 2 ). However, we did not observe embryos in which all nuclei around the circumference took up the same high amounts of nuclear Tc-Dorsal. Thus, like in Drosophila, a graded, albeit flatter distribution of a nuclear Dorsal was maintained. Accordingly, Tc-twi, a ventral target gene of Tc-Dorsal, showed an expanded expression domain but was not uniformly expressed along the DV axis ( Figures 4A and 4B) .
Since Tc-cact expression is maintained by Tc-twi during differentiated blastoderm and early gastrulation, we wondered whether Tc-twi controls the nuclear uptake of Tc-Dorsal via activation of Tc-cact. To approach this question we analyzed the Tc-Dorsal protein distribution in Tc-twi RNAi embryos. In contrast to WT embryos, where Tc-Dorsal is lost from the ventral nuclei prior to gastrulation ( Figures 4C and 4E) , Tc-Dorsal accumulates in ventral nuclei of gastrulating embryos in Tc-twi RNAi embryos ( Figures 4D and 4F) .
In conclusion Cactus, as in Drosophila, is crucial in controlling the formation of the nuclear Dorsal gradient in Tribolium. However, Tc-cact regulation is strikingly different from that of Drosophila cact. First, at early stages Tc-cact itself is a target of Tc-Dorsal and is strongly activated at the ventral side like the mesodermal target gene, Tc-twi. Second, at later stages Tc-cact is a target of Tc-twi. Activation of Tc-cact by Tc-twi is required to terminate the nuclear uptake of Tc-Dorsal in late blastoderm and gastrulating embryos. Thus, a combination of Dorsal and Twi-dependent activation of Tc-cact appears to be responsible for the rapid shrinking and disappearance of the Dorsal gradient in the beetle. This implies that in Tribolium the role of twi is not restricted to mesoderm formation, but appears also to be involved in terminating Dorsal function and initiating the transition from maternal to zygotic control of DV patterning.
The Later Development of Tc-Toll RNAi Embryos Provides Insights into Growth Zone Function
While Drosophila embryos specify all segments prior to gastrulation (long-germ type), Tribolium embryos form the abdominal segments during later embryonic development from a posterior growth zone (short-germ type). With the help of TcToll 1 RNAi embryos, the question of whether formation and function of the growth zone require DV polarity in the early embryo can be addressed.
To approach this question we first analyzed segmentation in Tc-Toll 1 RNAi embryos. As markers for segment formation we used Tc-gooseberry (Tc-gsb), Tc-engrailed (Tc-en), and Tc-iro ( Figure 5A and data not shown). Tc-gsb and Tc-iro are expressed in nonoverlapping stripes in each segment. Moreover, Tc-gsb is restricted to ventral regions of the mature (more anterior) segments. After Tc-Toll 1 RNAi both genes showed, like in WT, a periodic expression ( Figure 5B ), suggesting that dorsalized embryos form segment anlagen with normal segment polarity. In more anterior segments Tc-gsb was gradually lost, presumably because its expression becomes restricted to ventral regions, which are absent in Tc-Toll 1 RNAi embryos. Strikingly, the number of stripes indicates that a full set of abdominal segments is present ( Figure 5B and data not shown), suggesting that embryos lacking DV polarity possess an active growth zone.
If the growth zone remains active in Tc-Toll 1 RNAi embryos, it might also be able to produce different DV cell types, including mesodermal cells. However, Tc-twi expression marking the mesodermal cells of each segment in WT was absent from all segments, including those derived from the growth zone after Tc-Toll 1 RNAi. Tc-twi was only maintained, like in WT, at the posterior tip of the growth zone, indicating that this domain is specified independently of the Tc-Toll signaling ( Figures 5C  and 5D ). The absence of mesodermal cells was also confirmed by phalloidin staining of cross sections. The segmented region of WT embryos is composed of three cell layers ( Figure 5E ): (1) A thin outer epithelial cell sheet represents the amnion (am). (2) A layer of high columnar epithelial cells which is continuous with the amnion at its borders represents the embryonic ectoderm (ect). (3) Mesenchymal cells facing the yolk that express Tc-twi represent the mesoderm (me). Within the growth zone, the same cell layers exist, but Tc-twi is only found at the very posterior tip ( Figures 5E and 5I ) (Handel et al., 2005) ; thus the majority of mesenchymal cells (mc) within the growth zone lack Tc-twi expression. On top of these mesenchymal cells (mc), the germ cells (gc), which express Tc-vasa, reside as a globular mass ( Figure 5G ). The segmented region of Tc-Toll RNAi embryos is composed of a hollow tube of high columnar cells, identical in shape to the ectodermal cells of WT embryos ( Figure 5F ; for an explanation of how this morphology arises during gastrulation, see Figure S4 ). Thin epithelial cells representing the amnion and mesodermal cells are absent ( Figure 5F ), suggesting that the segmented region consists only of ectodermal cells. This morphology extends into the growth zone region. However, at the posterior tip of the growth zone, a small population of mesenchymal cells is found, which is associated with the posterior Tc-twi-expressing cells and the germ cells ( Figures 5D and 5J) . The more anterior mesenchymal cells (mc) lacking Tc-twi expression in WT are absent after Tc-Toll 1 RNAi (Figures 5H and 5J ).
Together, these observations allow several conclusions about the growth zone of WT embryos: (1) Segment formation within the growth zone is an ectodermal process which does not require the presence of somatic mesoderm or correct ectodermal DV polarity. (2) The absence of most of the mesenchymal cells in the growth zone suggests that these cells have mesodermal identity despite their lack of Tc-twi expression. They are likely to be derived from cells which had expressed Tc-twi in the early embryo and invaginated during ventral furrow formation. Since early Tc-twi expression and ventral furrow formation are abolished after Tc-Toll 1 RNAi (Figure 1 and Figure (Figures 6E and 6É ) and high levels of MAPK activity as visualized by dp-ERK staining ( Figure 6C ). The cells of the dorsolateral ectoderm are characterized by lower levels of Dpp signaling (reduced pMAD staining) and the presence of single neurons of the peripheral nervous system (PNS) expressing Tc-sna ( Figures 6E and 6É , arrow) . The cells of the neuroectoderm give rise to the neuroblasts of the central nervous system (CNS), which express Tc-sna ( Figures 6E and 6É ) and Tc-ash (Wheeler et al., 2003 ; data not shown). Within the neuroectoderm further markers can be used to distinguish dorsal and ventral regions. For example, neuroectodermal Tc-msh2 expression is restricted to dorsal neuroblasts ( Figure 6G, arrow) . Finally, the mesectodermal cells at the ventral midline express Tc-otd ( Figure 6G ). We used these markers to investigate the differentiation of Tc-Toll RNAi embryos.
Since these embryos lack DV polarity, we predicted that they would be completely dorsalized, displaying uniform expression of Tc-pnr and Tc-dpp. Instead, they show rings of Tc-pnr and Tc-dpp expression ( Figures 6B and 6D ). pMAD expression changes periodically along the AP axis, indicating periodic changes of Dpp signaling ( Figures 6F and 6F ). The regions of low pMAD staining harbor narrow domains of cells expressing the neuronal markers Tc-sna and Tc-ash. (Figures 6F and 6F arrows and data not shown). To test whether these cells belong to the PNS or CNS, we used Tc-msh2. After Tc-Toll 1 RNAi, Tc-msh2 also shows periodic expression, presumably in the same cells expressing Tc-sna and Tc-ash ( Figure 6H ). Thus, these cells are likely to correspond to dorsal CNS neurons of WT embryos, indicating that at least the dorsal part of the neuroectoderm is established in Tc-Toll RNAi embryos. Among the markers investigated only Tc-otd was absent, showing that the ventral-most ectodermal cell fates are lacking ( Figure 6H ). The Dpp inhibitor Tc-sog is not re-expressed in late Tc-Toll 1 RNAi embryos. However, a possible explanation for the periodic change in Dpp signaling is provided by the observation that the Dpp inhibitor Tc-bambi is expressed in a periodic manner after Tc-Toll 1 RNAi (Figures 6I and 6J ). Taken together, Tc-Toll 1 RNAi embryos display a remarkable degree of ectodermal DV patterning. All major regions are established with the exception of the mesectoderm. However, the sequential alteration of cell fates does not take place along the DV, but rather along the AP axis of the embryo. This observation suggests that ectodermal patterning is an autonomous process taking place in the absence of Toll signaling. Toll signaling is required to provide the orthogonal orientation of the ectodermal patterning mechanism with regard to the AP axis.
DISCUSSION Feedback Control Involving Toll Signaling
Components and Tc-twi Tc-Toll transcription appears to start evenly along the DV axis at the syncytial blastoderm stage but is rapidly enhanced at the ventral side, where higher levels of nuclear Tc-Dorsal accumulate (Chen et al., 2000) . This positive feedback between Toll expression and nuclear import of Dorsal could explain an initiation of DV axis formation at ectopic positions of the embryonic blastoderm, a situation which has been observed upon experimental manipulations in beetles and various hemimetabolous insects (Sander, 1976) . During normal development, however, ectopic axis formation has to be prevented, and this can be achieved by coupling positive feedback control to inhibitory processes. Linking self-enhancement to limiting mechanisms provides a general condition for pattern formation as has been shown by mathematical modeling (Meinhardt and Gierer, Tc-dpp in situ hibridization (blue) and activated MAPK antibody staining (dp-ERK, brown) in WT ( 2000). The Tc-Dorsal-dependent transcriptional activation of Tc-cact might provide the mechanism counterbalancing the positive feedback between TcToll and Tc-Dorsal (Figure 7 ). Within the limits of detection, Tc-cact expression appears to be restricted to the ventral side of the embryo. However, the knockdown of Tc-cact leads to nuclear import of Tc-Dorsal also at the dorsal side. To explain this long-range requirement of Tc-cact, one might speculate that our detection of Tc-cact transcripts is not sensitive enough or that Tc-Cact protein is able to diffuse within the cytoplasm from ventral toward dorsal. Irrespective of the mechanism, a long-range action of Tc-Cact would meet an important prediction for pattern formation by reaction-diffusion systems, namely that the inhibitor should spread faster and thus act less locally than the activator (Meinhardt and Gierer, 2000) .
Besides its potential role in pattern formation, Tc-cact activation seems also to be involved in the temporal control of the Dorsal gradient. During late blastoderm stages Tc-cact activation by Tc-dorsal is replaced through activation by Tc-twi. The Tc-twi knockdown phenotype shows that this shift is relevant to prevent Dorsal from accumulating in ventral nuclei during gastrulation. Thus, it seems that in Tribolium a Dorsal target gene is involved in terminating Dorsal function (Figure 7) . Collectively, these observations indicate that major evolutionary changes have occurred regarding Tc-Dorsal gradient formation and the network of downstream target genes. Nevertheless, traces of the feedback mechanisms uncovered in Tribolium have been preserved in the Drosophila lineage. Recently, zygotic enhancers of Dm-cactus and Dm-Toll were identified by ChIP-onchip experiments and bioinformatics approaches (Sandmann et al., 2007) . These enhancers contain Dm-Dorsal and Dm-twist binding sites and are active in the prospective mesoderm of Drosophila. However, the analysis of mutant phenotypes precludes an important function of these enhancers in DV patterning or cell type specification (Anderson et al., 1985; Roth et al., 1991) . A weak stabilizing function may explain why they were retained in evolution.
On an even larger evolutionary scale it is interesting to note that negative feedback control is a hallmark of NF-kB-mediated signaling. Like in Tribolium, the transcription of the Cactus homolog I-kB is activated by NF-kB in vertebrates both in the mesoderm and during innate immune response (Caamano and Hunter, 2002, Zhang et al., 2006) . The ensuing negative feedback loop can cause oscillatory signaling outputs or termination of signaling (Covert et al., 2005; Hoffmann et al., 2002; Nelson et al., 2004) . Even an involvement of twist in negative feedback regulation of NF-kB has been demonstrated in vertebrate mesoderm cells (Sosic et al., 2003) . It has been proposed that the twi-NF-kB interactions represent an evolutionarily conserved regulatory module. The Dorsal/NF-kB-and twi-dependent activation of Tc-cact might be a relic of mesodermal and innate immune functions the pathway had in the common ancestor of vertebrates and arthropods (Moussian and Roth, 2005) . According to this scenario, the ancestral feedback mechanisms were adjusted to the needs of spatial patterning after the pathway was adopted for DV axis formation.
Feedback Control at the Level of Dpp Signaling
Classical fragmentation experiments have suggested two routes for pattern regulation along the DV axis: an early route which takes place before gastrulation and a later one which can be initiated after mesoderm internalization (Sander, 1976) . We have previously provided evidence for late autonomous patterning within the ectoderm that depends on the Dpp/Sog system and additional inhibitory processes (van der Zee et al., 2006). Tc-Toll knockdown embryos add additional support for this assumption. They show pattern duplications of ectodermal DV cell fates along the AP axis. This remarkable phenotype is not just restricted to the abdominal segments derived from the growth zone, but it occurs also within the anterior (thoracic) segments (Figure 6 ). Thus, it is unlikely to reflect a specific mechanism that operates only in the growth zone.
The modulation of Dpp activity underlying the periodic cell fate changes is likely to be due to periodic transcription of Tc-dpp and inhibition of Tc-Dpp diffusion or signaling along the AP axis ( Figure 6F ). Since Tc-sog is not re-expressed in Tc-Toll 1 RNAi embryos, we analyzed the expression of other Dpp inhibitors. Tc-bambi showed periodic expression in the same domains as Tc-dpp and thus might provide the inhibitory function ( Figure 6J ). The fact that Tc-dpp is transcribed in regions of high pMAD activity suggests positive feedback control which is counterbalanced by Tc-bambi. Thus, the interaction might be similar to that described for Tc-Toll and Tc-cact (Figure 7) .
The unusual orientation of the ectodermal patterning process might depend on the early AP asymmetry of Dpp signaling in Tc-Toll 1 RNAi embryos. After Tc-Toll 1 RNAi, Tc-dpp is expressed along the symmetric border between serosa and germ rudiment and in the posterior pit region (data not shown). These regions also have high levels of pMAD ( Figure S5) . Thus, the ectodermal patterning process is initiated with AP asymmetric boundary conditions after Tc-Toll RNAi. In WT embryos this process is oriented along the DV axis through the Toll-dependent activation of Tc-sog at the ventral side, which leads to a Dpp signaling gradient with peak levels along the dorsal midline (van der Zee et al., 2006).
The DV Polarity of the Growth Zone
Our experiments clearly demonstrate that Tc-Dorsal is essential for establishing all aspects of normal DV polarity in Tribolium, including DV polarity of the growth zone from which the abdominal segments emerge. Thus, although DV patterning in the growth zone starts after gastrulation, when the Tc-Dorsal gradient has vanished, it is not independent of Tc-Dorsal. We suggest that there are two ways by which early DV polarity is transmitted to the growth zone. First, distinct inner and outer cell layers are formed during gastrulation. The observation that the majority of the mesenchymal layer cells are absent in Tc-Toll RNAi embryos ( Figures 5G and 5H , mc) strongly suggests that the mesenchymal cells in the growth-zone are derived from cells internalized by ventral furrow formation in the early embryo. These cells cannot be resupplied by a growth zone-specific process of cell internalization. Thus, gastrulation-like mechanisms do not continue in the growth zone of Tribolium, as has been suggested for the tailbud of vertebrate embryos (Kane and Warga, 2004) . Second, DV patterning in the growth zone does not only depend on the generation of two separate cell layers. The ectoderm needs also to be patterned, a process which mainly depends on Dpp signaling. To a certain degree this process takes place in a Toll knockdown embryo. However, the orientation of the resulting pattern is incorrect. We assume that during WT development DV polarity is first established within the anterior (gnathal and thoracic) segments. Subsequently, this pattern is used as a template for the DV pattern of the abdominal segments emerging from the growth zone. This would require a process of forward-induction from differentiated to nondifferentiated tissues. Since there is no DV polarity in Tc-Toll RNAi early embryos, forward-induction cannot operate.
The Evolution of Toll Signaling
The loss of Toll signaling in Tribolium leads to phenotypes that are similar to those produced by the loss of the Dpp inhibitor sog (van der Zee et al., 2006) . In both situations the ectoderm lacks normal polarity, the amnion and the CNS are largely deleted (the CNS is completely absent after Tc-sog RNAi and reduced to narrow periodic stripes after Tc-Toll RNAi), and the embryos form long tube-like structures (for another common feature see Figure S5 ). This situation is strikingly different in Drosophila. There, loss of Toll signaling leads to completely dorsalized embryos, while loss of sog causes only minor deletions in the CNS and subtle ectodermal patterning defects (Francois et al., 1994) . These differences are due to the fact that Toll signaling in Drosophila provides functions which the Dpp/Sog system fulfils in Tribolium. For example, in Drosophila Dorsal represses dpp and activates brinker, an inhibitor of Dpp target genes, within the presumptive neuroectoderm and thereby specifies the CNS through mechanisms which act independently from and parallel to sog (Jazwinska et al., 1999) . These mechanisms do not exist in Tribolium. Apparently, the Dorsal gradient has a less direct role with regard to cell-type specification in Tribolium than in Drosophila, and DV patterning in Tribolium relies to higher degree on the Dpp/Sog system. Since the Dpp/Sog (BMP/Chordin) system is involved in DV axis formation in all bilaterian animals investigated so far, this is likely to represent the ancestral mode of DV axis formation (Akiyama-Oda and Oda, 2006; De Robertis and Kuroda, 2004, Lowe et al., 2006) . We suggest that the trend observed by comparing Drosophila and Tribolium applies to other insect orders and that the functional shift between Dpp and Toll signaling with regard to DV axis formation will be even more prominent in basal hemimetabolous insects. Thus, the study of more basal insects groups might reveal the evolutionary path of how Toll signaling was co-opted for DV axis formation (Roth, 2003 (Roth, , 2004 .
EXPERIMENTAL PROCEDURES
Cloning of cactus, Toll, Dorsal, and pelle and Marker Genes in Tribolium A survey for possible orthologous sequences was performed in the Blast server available at (http://www.hgsc.bcm.tmc.edu/blast/blast.cgi?organism = Tcastaneum). Primer design, RNA extraction, cDNA synthesis, RT-PCR, and RACE reactions were carried out using standard protocols. A list of the orthologs and markers used is available in the Supplemental Data.
In Situ Hybridization and Immunohistochemistry
The one-color in situ protocol for Tribolium was performed as previously described (van der Zee et al., 2005) , and the two-color fluorescent in situ hybridization was essentially the same as Kosman et al. (2004) . For staining of cell membranes, rhodamine phalloidin (R415-Invitrogen) was used. The embryos were hand-sectioned, vecta-shield mounting medium (H1000) was added, and the sections were observed under a Leica SP2 confocal microscope.
dsRNA Synthesis and Egg, Pupae, and Adult dsRNA Injections dsRNA preparation and egg and pupae injections followed Bucher et al. (2002) . Adult beetle injection was performed as described in van der Zee et al. (2006) .
SUPPLEMENTAL DATA
Supplemental Data include five figures and can be found with this article online at http://www.developmentalcell.com/cgi/content/full/14/4/605/DC1/.
